Age-related macular degeneration is the leading cause of blindness in the developing world. Retinal pigmented epithelium (RPE) transplantation in subretinal space, has been assessed in various animal models of age-related macular degeneration and in humans as a potential technique to preserve the visual function. However, the RPE cell survival posttransplantation is limited because of lack of attachment of the transplanted cells to the pathological Bruch's membrane and also partly because of iatrogenic removal of adhesive elements in the membrane during the removal of choroidal new vessels before transplantation procedure. Although pathological Bruch's membrane is well studied, there is still much debate as to why and how changes in the structure and components of this membrane leads to loss of RPE cells and disruption of their function and subsequent death of photoreceptors leading to visual loss. Integrins on RPE cells have been characterized and shown to be important for attachment of cells to Bruch's membrane. Considering the essential role of integrins in functions such as cell migration and adhesion, it is plausible that lack of attachment of RPE cells posttransplantation can be overcome by improving integrin function. Here, we have focused on some of the recent findings on the use of integrins and modulation of their function to improve the adhesion of RPE cells to normal and pathological Bruch's membrane. This work also aims at elucidating a potential mechanism by which accumulating inhibitory molecules in the Bruch's membrane in the pathological state, interferes with integrin function.
Introduction
Age-related macular degeneration (ARMD) is classically divided into dry atrophic type with formation of drusen between Bruch's membrane and the retinal pigmented epithelium (RPE) cell layer and a wet exudative type with formation and growth of choroidal new vessels (CNVs), which invade and leak fluid into the subretinal space. The exudative type of this condition is almost always associated with severe loss of vision. Although our understanding of the two types has increased substantially, there is still much controversy as to how the disease progresses and what elements lead to progression from dry to the wet type of ARMD.
The retinal pigmented epithelial cells be involved in preserving photoreceptors and their function. One of their major functions is to remove the shed outer segments of the photoreceptors, 1,2 and if they fail there is buildup of debris and retinal degeneration. 3 A focus in the study of the pathology of ARMD is Bruch's membrane and the changes that take place between the inner collagenous zone of this membrane and RPE cell layer. Abnormalities in Bruch's membrane in ARMD lead to disruption of RPE cell layer function 4 and this in turn leads to disruption of photoreceptor function and their loss. There are therefore research efforts to preserve the RPE layer and to replace it if it is damaged. Various techniques have been used to prevent the visual loss in macular degeneration ranging from cell transplantation [5] [6] [7] to the use of anti-VEGF antibodies to prevent formation of new vessels 8, 9 and halt the progress of the disease.
RPE transplantation has been used in various animal models of ARMD and has been shown to be able to prevent continuing loss of vision in the context of macular degeneration. One of the techniques used in human patients has been removal of CNVs from the abnormally neovascularized Brush's membrane, followed by autologous transplantation of RPE cells subretinally to allow repopulation of the Bruch's membrane. 10, 11 Although this technique is effective in removing the CNVs, an undesirable consequence is the stripping of RPE cells and removal of the basement membrane of Bruch's exposing the deeper collagenous layers. However, functional recovery post-RPE transplantation has been shown to be limited because most of the RPE cells die shortly after transplantation, and they do not migrate out from the site of implantation. Lack of attachment and adhesion of RPE cells after transplantation has been shown to be the major cause of death, because the cells are unable to acquire the adhesive signals necessary to avoid cell death 12, 13 and to initiate migration.
Bruch's membrane and RPE attachment
The aging process is one of the most important risk factors in macular degeneration. Bruch's membrane is a pentalaminar structure with each layer containing different extracellular ligands. Recent studies from various groups have shown clearly that human aged Bruch's membrane supports the attachment of RPE cells to a lesser extent than membranes from young donors. 14 In addition analysis of RPE adhesion to various components and layers of Bruch's membrane has revealed that not all layers of this membrane support adhesion to the same extent with the uppermost basement membrane, to which the RPE cells normally adhere, being one of the most supporting layers. 15 Therefore, it is plausible that pathological processes, which lead to accumulation of various substrates including inhibitory antiadhesive molecules in the membrane and also removal of supporting layers postsurgically will have adverse effects on the adhesion of RPE cells. The damaged Bruch's membrane found in AMRD, particularly the wet form, shows many of the molecular changes typical of damaged tissue, with upregulation of antiadhesive molecules such as tenascin-C. 16, 17 Integrins and their role in adhesion
Integrins are transmembrane heterodimer structures, whose function is to mediate interactions between cells and extracellular matrix molecules. They are involved in many cellular functions such as cell adhesion, migration, proliferation, differentiation, and cell survival. They are heterodimers, composed of an a-subunit and a b-subunit and dimersation is necessary for the function of the integrin. Depending on the combination of a-and b-subunit, integrin dimers can bind to various extracellular ligands present in Bruch's membrane to promote adhesion of the cells the basement membrane. Various integrin subunits have been shown to be expressed by RPE cells, 18 potentially allowing their interaction with laminin, fibronectin, vitronectin, and collagen within the lamina of membrane. There is a substantial body of literature demonstrating the importance of integrins in many of the functions of RPE cells. Various groups, including our own, have asked whether manipulation of RPE integrins might be a way to improve their survival posttransplantation and to improve the performance and healing ability of endogenous cells. Study of RPE integrins should also increase our understanding of RPE-Bruch's dynamics in normal and pathological state.
Primary uncultured RPE cells have been shown to have low levels of integrins on their cell surface, but they can be upregulated by prolonged cell culture. It has been shown that increasing the expression of integrins on the cell surface by long-term culturing of the primary RPE cells before transplantation is one way to improve the adhesion to the Bruch's membrane by allowing better engagement with the extracellular ligands available in the pathological Bruch's membrane. 19 This partially prevents cell loss immediately after transplantation, providing a feasible practical approach in tackling the adhesion problem.
An alternative approach to the same problem of low levels of surface integrin has been use of gene delivery techniques to overexpress integrins in RPE cells to further support their attachment. This was shown by Fang et al 20 recently who demonstrated that increasing a6-and b4-integrin improved the adhesion of RPE cells to Bruch's membrane and its components.
Modulation of integrin function and role of inhibitory molecules
Although expression of integrins by cells is important, they must be placed on the cell surface, activated, and linked to both the cytoskeleton and signalling pathways to be effective. This means that there are several possible ways to fine tune and control integrin function.
One approach to improve adhesion to the Bruch's membrane, which is a focus of our lab, involves modulating the integrin affinity state; this is termed integrin activation. Although the presence of integrin on the cell surface is necessary for engagement with the ligands, the affinity and activation state of the integrins also is an important factor in cell behaviour. Integrins switch between an activated high affinity state and a deactivated low affinity state, modulating the level of adhesion and intracellular signalling. Integrin activation has been shown to be developmentally modulated 21 and also various inhibitory factors have been shown to modulate the integrin activation state and their ligandbinding affinity. 22, 23 The integrin activation state therefore acts as to fine tune their function allowing control of cell adhesion and signalling. Unpublished work from our lab shows that integrin activation in RPE cells improves both the adhesion and migration rate of RPE cells on the ECM ligands that exist within the Bruch's membrane. Forced activation of integrins also allows a higher level of adhesion to the Bruch's membrane isolated from adult rat eyes. Although use of integrin activation on normal substrates improves attachment, the affinity state of integrins is likely to be even more crucial where RPE cells have to interact with an abnormal Bruch's membrane expressing various inhibitory molecules in addition to the proadhesive molecules such as laminin and fibronectin. Transplanted primary RPE cells (which have only a small amount of integrin on their cell surface) will probably benefit from a higher quantity of cell surface integrin in order that they can adhere to the pathological nonadhesive Bruch's membrane. In addition, integrin activation increases the affinity of the integrins for their specific ligands so manipulation of the activation state may also be useful in RPE cells. The extracellular matrix contains a mixture of adhesive and repulsive molecules, and after injury there is an increase in repulsive molecules such as chondroitin sulphate proteoglycans and tenascin. On the basis of recent work in our laboratory, integrin activation using various agents can overcome the antiadhesive effect of proteoglycans. These molecules build up in Bruch's membrane as a result of neovascularization and fibrosis.
Another technique to improve RPE survival and their adhesion is to express integrins that can engage with the inhibitory ligands in the pathological Bruch's membrane. RPE cells lack or substantially downregulate several integrins in the adult state and are therefore unable to overcome the accumulating inhibitory substrates that are found in ARMD, which can act as an antiadhesive cues interfering with the integrin function of RPE. On the basis of unpublished work from our lab, expression of integrins capable of interacting with inhibitory ligands such as tenascin, which are present in pathological membrane allows improved adhesion without adversely affecting the attachment to the positive cues.
Overall, integrin engineering in RPE cells, by increasing the expression level of integrins that recognize molecules present in the pathological Bruch's membrane, and by increasing their affinity for their ligands by activation may be the key to overcoming the inhibitory substrates in the Bruch's membrane. In transplanted cells, this may allow RPE cells to engage with the membrane after transplantation and to survive and migrate, allowing these cells to integrate and repopulate the subretinal space.
